؉ T-cell-specific immunity in a manner compatible with human delivery are limited. Few molecules achieve this target without the support of an appropriate immunological adjuvant. In this study, we investigate the potential of totally 
Herpes simplex virus type 1 and type 2 (HSV-1 and HSV-2) are prevalent microbial pathogens, affecting up to 90% of the adult population throughout the world (3, 23, 43) . HSV-1, the most prevalent cause of viral infection of the eye (3, 23, 34, 43) , causes a spectrum of clinical manifestations ranging from blepharitis, conjunctivitis, and dendritic keratitis to disciform stromal edema and necrotizing stromal keratitis (3, 23, 34) . The corneal scarring induced by HSV-1 often leads to corneal opacification, making this virus the leading cause of blindness by an infectious agent in developed countries (3, 23, 43) . In the United States alone, every year more than 450,000 people exhibit recurrent ocular HSV episodes requiring doctor visits, drug treatments, and in severe cases, corneal transplants (15) . Despite pharmaceutical approaches to therapy and prevention, ocular herpes infections are still prevalent and no vaccine has yet been approved for clinical use (3, 34) . Developing an effective immunoprophylactic and/or immunotherapeutic vaccine would represent a powerful and cost-effective means of controlling ocular herpes infection (3, 30, 31, 34) .
Direct and indirect evidence, in both animal models and humans, suggests that CD8 ϩ T cells play a major role in antiherpesvirus immunity (11) . While CD8 ϩ T cells are important effectors responsible for the clearance of herpes infections, CD4 ϩ T cells are required to help prime and sustain antiviral CD8 ϩ T-cell immunity (3, 41, 43) . Consequently, an immunogenic formulation should be targeted towards inducing both CD4 ϩ and CD8 ϩ T-cell populations (3, 11, 22, 27, 35, 43) .
Concomitant CD4
ϩ Th-cell responses can be easily induced by targeting exogenous major histocompatibility complex (MHC) class II pathways of antigen (Ag) presentation (3, 41, 43) . However, induction of CD8 ϩ T-cell responses requires Ag synthesis or transport by an appropriate vector into the cytoplasm of antigen-presenting cells (APCs) (1, 14, 28, 41) . Many strategies for CD8 ϩ cytotoxic T-cell (CTL) activation are based on immunization with recombinant live attenuated viruses or bacteria that infect APCs and express the target epitope(s) (reviewed in references 28 and 41) . Yet, beside the safety issues that still remain to be addressed before widespread clinical use of many live vectors, protective CTL responses are usually only obtained following a prime-boost regimen (28, 41) . Approaches other than live vectors use administration of naked DNA plasmids, from which the target epitopes are directly synthesized within the APCs, or immuni-zation with heat shock or bacterial proteins that channel selected epitopes into MHC class I Ag presentation pathways (14, 28, 41) . Alternatively, directly "jump-starting" APCs and CD8
ϩ T cells by loading selected minimal epitope peptides onto MHC molecules at the surfaces of APCs has been proposed (1, 14, 41) . In vivo delivery of peptide epitopes either loaded on APCs or emulsified with strong immunological adjuvants induces specific CD8 ϩ T-cell responses in murine models (9) . Unfortunately, among the large number of adjuvants that have been tested in small laboratory animal models, many are toxic and have limited clinical usefulness (9) .
To avoid toxic adjuvant effects, recent attempts have used chemical modifications of peptide epitopes that act as built-in adjuvants (9, 18, 37, 38) . One of the most advanced modifications, which has reached phase II clinical trials in Europe, uses peptide epitopes extended by a lipid moiety (lipopeptides) (9, 16, 29, 33, 42) . Lipopeptides have attracted much attention as potential safe vaccines for many microbial pathogens as well as cancers, with the capacity to promote potent CD8 ϩ CTL responses when delivered in adjuvant-free saline (reviewed in reference 9) .
In this study, we hypothesize that potent virus-specific CD8 ϩ T-cell responses would be induced by optimal HSV-1 T-cell epitope(s) conjugated to a lipid moiety and delivered in adjuvantfree saline. We asked if palmitoyl-tailed chimeric CD4 ϩ Th-CD8 ϩ CTL epitopes would be sufficient to induce protective immunity in the mouse model of ocular herpes infection. We chose HSV-gB [498] [499] [500] [501] [502] [503] [504] [505] , recognized by H2-K b -restricted CTLs, as a target epitope (11, 19) . We fused the HSV-gB 498-505 epitope with the Pan HLA-DR-binding epitope (PADRE), a promiscuous CD4
ϩ Th determinant that binds to most murine and human MHC class II molecules (5, 26, 32, 39) . To assess the influence of the number of lipid units on the induction of protective CD8 ϩ T cells, the resulting chimeric peptide backbone, solely composed of both Th and CTL epitopes, was extended by N-terminal addition of one, two, or three palmitic acid moieties. The palmitoyl-tailed HSV-gB 498-505 -PADRE chimeric epitopes delivered in adjuvantfree saline induced potent virus-specific gamma interferon (IFN-␥)-producing CD8 ϩ CTLs in H2 b mice. Interestingly, such immunization reduced acute infection in the eye, lessened ocular herpetic disease, and interfered with latent infection in trigeminal ganglia (TGs) following an ocular HSV-1 challenge. These results suggest that palmitoyl-tailed Th-CTL chimeric epitopes should be considered as a safe alternative to more complex vaccine strategies for human.
MATERIALS AND METHODS
Peptide and lipopeptides synthesis. The SSIEFARL CD8
ϩ CTL peptide (HSVgB 498-505 ) (10) and the {dA}K{Cha}VAAWTLKAA{dA}{Ahx}C Pan DR peptide (PADRE) (32) were synthesized either individually or as PADRE-CTL chimeric epitopes using Fmoc (9-fluorenylmethoxycarbonyl) chemistry, with PyBOP/HOBt (benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate/ N-hydroxybenzotriazole) activation. The parental peptides were washed three times with dimethylformamide (DMF) and treated twice with 2% hydrazine in DMF. After six additional washings with DMF and hydrazine acetic acid, peptides were cleaved using trifluoroacetic acid (TFA)-triisopropylsilane-water (95: 2.5:2.5) and the resultant peptides precipitated in cold ether. The peptides were then washed (three times) with cold ether and analyzed by mass spectrometry (MS) and high-performance liquid chromatography (HPLC). Purification of the peptides was performed using Gilson HPLCs with Vydac C 18 columns (2.2 by 25 cm or, for larger amounts of crude peptide, 5 by 25 cm). The analysis was performed using Vydac C 18 , 5-m, 0.46-by 25-cm columns, with a gradient of 2% per minute of water, 0.1% TFA, 95% acetonitrile, and 0.1% TFA. Once peptides were purified to over 95%, they were lyophilized. Mass-spectrometric analysis was performed with an MDS/Sciex QStar XL mass spectrometer equipped with a nanospray source. Final quality control included collision-induced dissociation tandem MS experiment using nitrogen as the collision gas, which provided sequence confirmation of the peptides.
For the lipopeptide synthesis, one, two, or three N-terminal attachment points were created for subsequent attachments of glyoxylyl lipids following synthesis and purification. This was achieved by adding one, two, or three lysine residues whose side chains were selectively protected with 1-(4,4-dimethyl-2,6-dioxoxyxlohex-1-ylidene)-3-methylbutyl, a hydrazine-sensitive side chain protecting group. In order to allow maximal attachment of the lipid moieties, the lysine residues were interspaced with alanines. The synthesis of the glyoxylyl derivative of palmitate and ligation of peptides were performed using a modification of chemoselective ligation (18) . Briefly, dimethyl-2,3-O-isopropylidene tartrate was added to a polyethylene glycol amino resin using PyBOP activation. The second ester was then displaced via the addition of 1,3-diaminopropane. Finally, palmitic acid was activated using PyBOP and used to acylate the amino terminus. Treatment with TFA followed by periodate oxidation generated the alpha-oxo-aldehyde moiety. Following lyophilization, the peptides were transferred in 50-ml round-bottom flasks, fitted with septa, and flushed with nitrogen. A minimal amount of degassed water was added until the peptides were solubilized and displayed as a gel. Stochiometric amounts of lipid were then added in 2-methylpropan-2-ol dropwise with stirring. The final ratio of water to organic solvent was 95:5. To add the second and third lipids, an aliquot equal to 120% of the concentration of the peptide was added, with 10 to 20 min of stirring in between each addition. The reactions were monitored using the QStar XL mass spectrometer (see Fig. 1 ). The disappearance of the parent peptide was observed concomitantly with the appearance of the lipid-tailed peptide. In all cases, the parent peptide was not detectable at the end of the acylation process.
Virus and cell lines. Triple plaque-purified wild-type McKrae HSV-1 was prepared as we described previously (3). Rabbit skin (RS) cells used to prepare the virus stocks and culture the virus from eye swabs were grown in Eagle's minimum essential medium supplemented with 5% fetal calf serum (InvitrogenGibco, Grand Island, NY).
Mice. Female C57BL/6 (H2 b ) mice, ages 4 to 5 weeks, were purchased from the Jackson Laboratory (Bar Harbor, ME). Animals were handled in accordance with the ARVO statement for the Use of Animals in Ophthalmic and Vision Research.
Peptide and lipopeptide immunization. In an initial experiment, we determined the optimal dose response to the HSV-gB 498-505 epitope following immunization with PAM-Th-CTL, (PAM) 2 -Th-CTL, or (PAM) 3 -Th-CTL lipopeptides and found no differences between 50-, 100-, and 200-g doses (not shown). Subsequent experiments were then carried out with a medium dose of 100 g of each construct delivered in phosphate-buffered saline, injected subcutaneously (s.c.) on days 0 and 14. As a negative control, mice were injected s.c. with saline alone (mock-immunized mice).
Cytokine ELISAs. Two weeks after the second immunization, mice were euthanized and single suspensions of spleen (SP) cells were stimulated either with the target HSV-gB 498-505 alone or with heat-inactivated HSV-infected stimulator cells. Cells were plated at a density of 1 ϫ 10 6 /well in 24-well plates in a humidified 5% CO 2 atmosphere. Seventy-two hours later, the supernatants were collected and the concentrations of interleukin-2 (IL-2), IL-4, and IL-12, and IFN-␥ were determined in a sandwich ELISA using kits specific for each cytokine according to the manufacturer's instructions (BD PharMingen, San Diego, CA).
T-cell proliferation. SP were removed and placed into ice-cold serum free HL-1 medium supplemented with 15 mM HEPES, 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol, 2 mM glutamine, 50 IU of penicillin, and 50 g of streptomycin (GIBCO-BRL, Grand Island, NY) (CM) (2, 3) . The cells were cultured in 96-well plates at 5 ϫ 10 5 cells/well in CM, with recall PADRE peptide at a 1-g/ml concentration, with heat-inactivated HSV-1 (0.3 multiplicity of infection), or with concanavalin A as a positive control. The SP cell suspensions were incubated for 72 h at 37°C in 5% CO 2 , and their proliferation was determined in an [ 3 H]thymidine incorporation assay as we described previously (2, 4) .
IFN-␥ ELISpOT assay. SP cells were cultured in 24-well plates for 5 days in a humidified 5%-CO 2 atmosphere with HSV-gB 498-505 peptide alone (10 g/ml), the irrelevant OVA 257-264 CD8 ϩ T-cell peptide (10 g/ml), or autologous HSV-1-infected or mock-infected stimulator cells and subsequently analyzed in an IFN-␥ enzyme-linked immunospot (ELISPOT) assay. Functional T-cell recognition IFN-␥ ELISPOT assays were performed with the mouse IFN-␥ ELISPOT monoclonal antibody (MAb) pair (BD PharMingen, San Diego, CA). Briefly, on day 4, 96-well multiscreen immunoprecipitation plates were coated overnight at 4°C with 100 l (1:250) of anti-IFN-␥ capture MAb. Plates were then blocked with RPMI 1640 medium supplemented with 10% fetal calf serum (FCS) for 2 h at room temperature. Cells (5 ϫ 10 4 /well) were added in triplicate to MAbcoated plates and incubated for an additional 18 to 24 h at 37°C, 5% CO 2 . Plates were then washed with phosphate-buffered saline and supplemented with a detection peroxidase-labeled antibody followed by a substrate according to the manufacturer's instructions. The developed spots were counted under a light microscope.
Flow cytometry. Standard flow cytometry was employed, as we described previously (2, 9) , to assess surface expression of various markers using the following MAbs directly conjugated with either phyocoerythrin (PE) or fluorescein isothiocyanate (FITC): FITC-CD4, FITC-CD8, PE HSV-gB tetramer, PE-CD80 (clone 10-10A1, immunoglobulin G [IgG]), PE-CD86 (clone GL1, IgG2a), FITC-MHC-I (clone TU36, IgG2b), and FITC-MHC-II (clone FLI8.26, IgG2b) (PharMingen (San Diego, CA). IgG isotype-matched control antibodies were used in all experiments. After staining, cells were washed and fixed in 1% buffered paraformaldehyde before being acquired on a Becton Dickinson (Mountain View, CA) FACSCalibur instrument. Gating was done on large granular cells, and for each sample, 20,000 events were acquired on a FACSCalibur instrument and analyzed with CellQuest software on an integrated Macintosh G4 (Becton Dickinson, San Jose, CA).
CTL activity. Spleen-derived immune CD8 ϩ T cells were restimulated in vitro with HSV-gB 498-505 target peptide (5 g/ml)-pulsed syngeneic irradiated T-depleted splenocytes as we described previously (2, 8) . Irradiated EL-4 cells (3,000 rad from a 137 Cs source) were added to the coculture as APC. CTL activity was assessed by a standard 4-h 51 Cr release assay against EL4 target cells loaded with 10 M HSV-gB 498-505 target peptide or infected with heat-inactivated HSV-1 (multiplicity of infection ϭ 3) as described previously (6, 8) . After 5 days of culture, effector CD8 ϩ cells were mixed at 1, 3, 10, 30, and 100 effector/target (E/T) ratios with 51 Cr-labeled EL4 cells for 4 h. Maximum release of 51 Cr was determined by adding 5% Triton X-100 to 51 Cr-labeled EL4 cells. Spontaneous release (Ͻ10% of total release) was determined by incubating target EL4 cells with medium alone. The percentage of specific lysis was calculated as follows: 100 ϫ [(experimental release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release)].
Generation and maturation of bone marrow-derived DCs. Murine bone marrow-derived immature dendritic cells (DCs) were generated using our previously described protocol (2, 9) . Immature DCs were incubated in vitro for 72 h with PAM-Th-CTL, (PAM) 2 -Th-CTL, or (PAM) 3 -Th-CTL chimeric lipopeptide and monitored for cell surface expression of MHC class I, CD80, and CD86 costimulatory molecules and for production of proinflammatory IL-12 and IFN-␣ cytokines. Medium-treated immature DCs and LPS stimulated DCs were included as negative and positive controls, respectively.
Virus challenge and ocular disease reading. Ocular challenge was performed 2 weeks postimmunization. An inoculum of 4 ϫ 10 5 PFU of HSV-1 (McKrae) in 4 l tissue culture medium was placed on each eye, and the lids were gently rubbed against the eye for 30 s. The severity of blepharitis and corneal scarring in each group of 10 mice was assessed by examination with a slit-lamp biomicroscope after addition of 1% fluorescein dye as eye drops. The examination was performed by investigators masked to the treatment and scored according to a standard 0-to-4 scale.
Monitoring replication and clearance of HSV-1 from the eye. This procedure was performed by swabbing eyes of 10 mice once daily (1 to 10 days) with a Dacron swab and transferring each swab to a 75-mm culture tube containing 0.5 ml of medium. Aliquots (100 l) of 10-fold serial dilutions were placed on confluent monolayer of RS cells in six-well plates, incubated at 37°C for 1 h, and overlaid with medium containing 1% methylcellulose. The plates were incubated at 37°C for 3 days and stained with 1% cresyl violet, and the viral plaques were counted.
Detection of latent virus in trigeminal ganglia. Equal numbers of mice in each group surviving 30 days postinfection were euthanized, their TGs removed, and individually explanted onto RS cell monolayers in RPMI medium. The culture was monitored for 10 days for the presence of infectious virus.
Statistical analysis. Protective parameters were analyzed by Student's t test and the Fisher exact test (Instat; GraphPad, San Diego, CA). Results were considered to be statistically significant at P values of Ͻ0.05.
RESULTS (i) Construction and physicochemical characterization of palmitoyl-tailed Th-CTL chimeric epitopes. The immunodominant HSV-1-gB 498-505 CD8
ϩ T-cell target epitope (11, 35) was fused to the PADRE peptide (5, 26, 39). To optimize its immunogenic potential, the resulting Th-CTL chimeric peptide backbone was covalently linked to one (PAM-Th-CTL), two
lysine residues via functional base lysine ␣-amino groups. An illustration of the overall structure of each of the three palmitoyl-tailed chimeric Th-CTL constructs is presented in Fig. 1A and B. Construction of these chimeric lipopeptides was carried out using a modified version of the newly described chemoselective ligation method that allows synthesis of high-yield, molecularly pure, and water-soluble molecules (12, 18) . Unlike the "first generation of lipopeptides" synthesized using classic solid-phase methods which introduce the fatty acyl moiety onto the crude peptide backbone before its purification (4, 7, 8, 13) , the lipopeptides employed in this study were constructed in two steps (12, 18, 43) . The first step of synthesis and purification of the peptide backbone was followed by a second step of ligation of the lipid moiety, site-specifically introduced in solution (12, 18, 43) . This method is compatible with sequences that encompass hydrophobic residues: cysteines, l-alanines (dA), l-cyclohexyl alanines (Cha), or aminocaproic acids (Ahx), such as PADRE [(dA)K(Cha)VAAWTLKAA(dA) (Ahx)]. Indeed, no aggregation was observed when PAM-Th-CTL, (PAM) 2 -Th-CTL, and (PAM) 3 -Th-CTL were formulated in water or in saline solution. Physicochemical properties of these Th-CTL chimeric lipopeptides were compatible with multidimensional analysis. All constructs were eluted as a single peak in analytical reverse-phase HPLC with the expected mass and sequences when analyzed by mass spectrometry (Fig. 1C and D) . The physicochemical characterization highlights the fine molecular definition of palmitoyl-tailed Th-CTL chimeric epitopes as totally synthetic vaccine constructs, which would probably make them suitable for potential future clinical application.
(ii) Palmitoyl-tailed Th-CTL chimeric epitopes trigger dendritic cell maturation regardless of the number of lipid moieties. We first examined the ability of Th-CTL chimeric lipopeptides to induce phenotypic maturation of DCs. Incubation of immature DCs with Th-CTL chimeric lipopeptides induced significant expression of MHC class I, CD80, and CD86 molecules compared to medium-treated immature DC controls ( Fig. 2A) (P Ͻ 0.005). Maturation of DCs stimulated with Th-CTL chimeric lipopeptides occurred irrespective of the number of lipid moieties. As a second indicator of maturation, exposure of DCs to chimeric lipopeptides was associated with a lipopeptide dosedependent increase in IL-12 and IFN-␣ secretion (Fig. 2B) . Under similar conditions, there was no up-regulation of MHC and costimulatory molecules or production of IL-12 or TNF-␣ following incubation of immature DCs with the parental nonlipidated peptides alone or the palmitic acid alone ( Fig. 2A and B) (P Ͻ 0.05). Together these results indicated that Th-CTL chimeric lipopeptides, but not the Th-CTL parental peptide, provoked DC maturation and that covalent linkage to the lipid moiety is required for DC maturation.
(iii) Palmitoyl-tailed PADRE-HSV-gB 498-505 chimeric epitopes delivered in saline prime for antigen-specific CTL and Th responses. Next, we evaluated the ability of equimolar amounts of PAM-Th-CTL, (PAM) 2 -Th-CTL, and (PAM) 3 3A and B) (P Ͻ 0.005). When the magnitude of CTL activity was compared at an equal E/T ratio of 30, each Th-CTL chimeric lipopeptide generated more than 50% of HSVgB 498-505 -specific lysis, with no significant difference in the maximal specific lysis induced by the three Th-CTL chimeric lipopeptides (Fig. 3B ). More important, CTLs induced by Th-CTL chimeric lipopeptides killed HSV-1-infected target cells but not mock-infected cells (Fig. 3C and D) (P Ͻ 0.005). At equal E/T ratios, there was no effect of the number of lipid units on the magnitude of virus-specific CTL activity elicited by each Th-CTL chimeric lipopeptides. The HSV-gB 498-505 -specific CTL activity induced by the Th-CTL chimeric lipopeptides was abrogated by CD8 MAb blockage (not shown). Effector T cells derived in parallel from SP of mock-immunized mice and restimulated in vitro with gB 498-505 epitope did not lyse target EL-4 cells loaded with gB 498-505 peptide or target cells infected with HSV-1 (Fig. 3A to D) . This experiment provides a control to illustrate that in vitro amplification of effector T cells with gB 498-505 epitope does not by itself induce primary CTLs in culture. There was a lack of specific CTLs in mice immunized with nonlipidated Th-CTL chimeric peptide, with PADRE peptide alone, with HSV-gB 498-505 alone, or with palmitic acid alone (Fig. 3) , indicating the requirement of the three components (i.e., Th and CTL epitopes and the lipid moiety) attached together for induction of efficient CTL responses. ϩ T-cell responses were then examined by fluorescence-activated cell sorting for cell surface expression of interleukin-2 receptor (CD25) as a marker of activation (Fig. 3E) . Proliferating CD4 ϩ T cells were also assessed in an [ 3 H]thymidine incorporation assay (Fig. 3F) . As shown in Fig. 3E and F, each chimeric lipopeptide generated substantial PADRE-specific CD4 ϩ T-cell stimulation, regardless of the number of lipid moieties. The specificity of the Th response was ascertained with a lack of response to the gD 1-29 peptide. Only insignificant T-cell responses were detected in mock-immunized mice or in mice immunized with Th-CTL parental peptide alone or with palmitic acid alone (Fig. 3E to F) .
(iv) HSV-1-specific CD8 ؉ CTL response induced by palmitoyltailed Th-CTL chimeric epitopes is accompanied by IFN-␥ release. Twelve weeks after final immunization, we evaluated gB 498-505 -and HSV-1-specific IFN-␥-producing memory CD8 ϩ T cells induced by each lipopeptide construct. Significant numbers of spot-forming cells (SFCs) producing IFN-␥ specific to gB 498-505 were generated by each palmitoyl-tailed Th-CTL chimeric lipopeptide ( Cr release assay, using as target cells autologous EL-4 loaded with HSV-1 peptide (gB 498-505 , black symbols) or a control peptide (OVA 257-264 , white symbols) (A and B) or infected with herpesvirus (HSV-1, black symbols) or mock virus (white symbols) (C and D). Mock-immunized mice were used as negative controls (mock). Shown is the mean Ϯ standard deviation of specific lysis detected with a groups of five animals in two independent experiments. (E) Spleen-derived CD4 ϩ T-cell responses derived from Th-CTL parental peptide-, PAM Th-CTL chimeric lipopeptide-, and mock-immunized mice were assayed for cell surface expression of IL-2 receptor (CD25) after stimulation with PADRE or gD 
Th peptides. (F) CD4
ϩ T-cell proliferative responses induced in H2 b mice immunized with Th-CTL parental peptide or PAM Th-CTL chimeric lipopeptides following in vitro restimulation with either PADRE (black bars) or gD control (white bars). The mean Ϯ standard deviation of stimulation indexes detected for groups of five mice in two independent experiments is shown. For the proliferative assay, the amounts of cells alone without Ag range from 1,873 to 2,123 cpm. The P value (Ͻ0.05) is for a comparison of Th-CTL chimeric lipopeptide-immunized and mock-immunized controls.
The induced memory IFN-␥-producing CD8
ϩ T cells recognized a naturally processed epitope on HSV-1-infected cells, with only a slight increase of the number of SFCs induced by the (PAM) 2 -Th-CTL and (PAM) 3 -Th-CTL compared to results with the PAM-Th-CTL lipopeptide analogue (Fig. 4B) . Ranges of 15 to 25, 28 to 32, and 34 to 39 T cells per 10,000 SP cells were induced by the PAM-Th-CTL, (PAM) 2 -Th-CTL, and (PAM) 3 -Th-CTL lipopeptides, respectively. No IFN-␥-producing CD8 ϩ T cells were detected against mock-infected cells, providing a control to illustrate the virus specificity of the induced T cells. Few SFCs producing IFN-␥ were detected in mock-immunized mice following in vitro stimulation with either gB 498-505 or HSV-1-infected stimulators ( Fig. 4A and B) . These results indicate that immunization with palmitoyl-tailed Th-CTL chimeric epitopes, without an external adjuvant, generated memory HSV-1-specific IFN-␥-producing CD8 ϩ T cells. The CTL and IFN-␥ ELISPOT results (Fig. 3, 4A , and 4B) were supported by subsequent intracellular cytokine experiments performed to enumerate the induced HSV-1-specific IFN-␥-secreting CD8 ϩ T cells. For each of the PAMTh-CTL, (PAM) 2 -Th-CTL, and (PAM) 3 
(vi) The strength of HSV-gB 498-505 -specific CD8
؉ T-cell immunity induced by palmitoyl-tailed Th-CTL chimeric epitopes confirmed by tetramer staining. The specificity of the CD8 ϩ Tc 1 response induced by the palmitoyl-tailed Th-CTL chimeric epitopes demonstrated using chromium release assay, IFN-␥ ELISPOT, and intracellular cytokine assays prompted an objective enumeration of HSV-gB 498-505 -specific CD8 ϩ T cells induced by each lipopeptide construct. We thus employed an MHC tetramer-staining assay which provides a quantitative measure of the frequency of epitope-specific CD8 ϩ T cells. A number of investigators have established the specificity of the HSVgB 498-505 epitope in combination with H2-K b MHC heavy chain modified for tetramer formation (24) . HSV-gB 498-505 -specific CD8 ϩ T cells were quantified in groups of H2 b mice immunized with PAM-Th-CTL, (PAM) 2 -Th-CTL, or (PAM) 3 -Th-CTL chimeric lipopeptide and compared to cells from mock-immunized mice. After the second immunization, SP cells from each group were restimulated in vitro with heat-inactivated virus and stained with either HSV-gB 498-505 H2-K b tetramer (test) or OVA 257-264 / H2-K b tetramer (control), followed by CD8 staining. As shown in Fig. 6, 4 .53%, 5.63%, and 8.42% of total CD8 ϩ T cells detected in PAM-Th-CTL, (PAM) 2 -Th-CTL, and (PAM) 3 -Th-CTL chimeric lipopeptide were HSV-gB 498-505 H2-K b tetramer positive, respectively. As expected, staining for the irrelevant OVA 257-264 / H2-K b tetramer was at a nonsignificant level (0.01% to 0.025%). A strict correlation was found between the percentages of HSVgB 498-505 H2-K b tetramer ϩ /CD8 ϩ T cells, the magnitude of virus-specific cytolytic activities, and IFN-␥ production (P Ͻ 0.05). It should be pointed out that while Th-CTL lipopeptide constructs induced HSV-1-specific CD8 ϩ T-cell responses, they failed to induce neutralizing antibodies (not shown).
(vii) Immunization with palmitoyl-tailed Th-CTL chimeric epitopes protects against ocular herpes infection and reduces disease severity. Since immunization with palmitoyl-tailed Th-CTL chimeric epitopes elicited potent HSV-specific CD8 postchallenge. The virus titers were lower for Th-CTL chimeric lipopeptide-immunized groups, regardless of the number of lipid moieties, than for the mock-immunized group ( Fig. 7A ; Table 1 ) (P Ͻ 0.05). The duration of virus clearance was faster for Th-CTL chimeric lipopeptide-immunized groups than for the mock-immunized group (5 to 6 days versus 10 days, respectively) ( Table 1 ) (P Ͻ 0.05). In addition, the range of virus titers was narrowed significantly for Th-CTL chimeric lipopeptides-immunized groups, regardless of the number of lipid moieties, compared to mock-immunized group (0 to 325 versus 0 to 5,500, respectively) ( Table 1 ) (P Ͻ 0.05).
It has been established that with the mouse model of ocular herpes, the severity of herpetic blepharitis, an inflammation of the lid margin, correlates with increased HSV-1 replication (31). Th-CTL chimeric lipopeptide-and mock-immunized mice surviving the infection were monitored for 4 weeks postchallenge, with the disease scored on a scale of 0 (no disease) to 5 (very severe disease). On day 7 postchallenge, most mice in the mock-immunized group had severe blepharitis, defined as scores of 4ϩ (score, 4.0 Ϯ 0.5), while only occasional mild blepharitis was observed for the groups of mice immunized with PAM-Th-CTL, (PAM) 2 -Th-CTL, or (PAM) 3 -Th-CTL chimeric lipopeptides (score, 1 Ϯ 0.5) (Fig. 7B ) (P Ͻ 0.05). There was no effect of the number of lipid groups on the Th-CTL chimeric lipopeptide-induced blepharitis protection. In addition, there was a significant reduction in the severity of corneal scarring, scored on day 17 post-ocular challenge in Th-CTL lipopeptide-immunized groups, regardless of the number of lipid groups (score, 2 Ϯ 0.5) (Fig. 7C ) (P Ͻ 0.005). However, the mock-immunized mice had considerable corneal scarring (score, 4.0 Ϯ 0.5). Thus, analysis of disease severity in these mice further highlighted the protective efficacy of Th-CTL chimeric lipopeptides.
Results of survival, determined at 4 weeks post-ocular challenge, collected from two separate experiments showed a 90 to 100% survival in PAM-Th-CTL, (PAM) 2 -Th-CTL, and (PAM) 3 -Th-CTL-immunized groups and only 50 to 55% survival in the mock-immunized control group (P Ͻ 0.05). To assess if there is an effect of immunization on latent infection, equal numbers (n ϭ 10) of animals that survived on day 30 postinfection (e.g., during latency) were randomly selected in each of Th-CTL chimeric lipopeptide-and mock-immunized groups. The animals were then euthanized, and latent infection of the TGs was assessed by explant cocultivation assay. Results pooled from two experiments showed the percentage of TGs with latent virus was significantly reduced in Th-CTL chimeric lipopeptide-immunized groups (9 to 49%) from that in the mock-immunized group (88 to 100%) (Fig. 7D) (P Ͻ 0.05) . The mock-immunized mice had the highest percentage of TGs with latent virus, followed by the PAM-Th-CTL group, the (PAM) 2 -Th-CTL group, and the (PAM) 3 -Th-CTL group. Immunization with the CTL epitope alone, the lipid alone, the Th epitope alone, or the nonlipidated parental Th-CTL chimeric peptide alone did not result in protection against infection or against disease.
DISCUSSION
We report on the ability of molecularly defined palmitoyl-tailed Th-CTL chimeric epitopes, delivered in an adjuvant-free saline, to induce antiherpesvirus CD8 ϩ effector T cells. Th-CTL chimeric epitopes extended by a single palmitic acid were sufficient to generate potent antiviral CD8 ϩ T cells and to protect against herpesvirus infection and disease in the mouse model of ocular infection. The protection against ocular HSV-1 replication and disease correlated with antiviral cytolytic T-cell activity and IFN-␥ production. In addition, we found that the palmitoyl-tailed Th-CTL chimeric epitopes provoked DC maturation, as attested by up-regulation of cell surface MHC and costimulatory molecules as well as production of proinflammatory cytokines. Finally, possibly related to their effect on maturation of DCs, immunization with palmitoyl-tailed chimeric Th-CTL epitopes preferentially skewed the CD8 ϩ T-cell responses toward a Tc 1 pattern. Several studies, both with experimental animal models and with humans, have supported a crucial role of CD8 ϩ T cells in antiherpesvirus immunity (11, 17, (22) (23) (24) 38) . (i) Results from genetically T-cell-deficient mice or from normal murine models adoptively transferred by or depleted of T-cell populations have demonstrated CD8
ϩ T cells to control HSV primary infection (17) . (ii) Hendricks and collaborators recently demonstrated with the mouse model of ocular herpes that HSV-1 gB 498-505 -specific memory CD8 ϩ T cells are selectively activated and retained in latently infected sensory ganglia, pointing to their potential role in controlling virus reactivation (22) . (iii) Finally, a study of HIV-and HSV-coinfected individuals showed a positive correlation between frequency of HSV-specific CD8 ϩ T-cell precursors and resistance to herpes infection and recurrences (3, 23) . The present study supports a role of CD8 ϩ T cells in herpes immunity by demonstrating that selective induction of antiviral CD8 ϩ T cells specific to the single HSV-gB 498-505 epitope is effective both in inhibiting primary herpes infection in the eye and in reducing the percentage of latent infection in TGs.
Among the requirements that must be fulfilled by a clinical vaccine formulation is to be safe, even for immunocompromised individuals (3, 9, 37, 38) . Several investigators have attempted to deliver peptides bearing minimal CTL epitopes (28, 36) . In those studies, enhanced immunogenicity of minimal CTL peptide epitopes was achieved using a wide range of traditional adjuvants, such as incomplete Freund's adjuvant, Montanide, MF-59, monophosphoryl lipid A, QS-21, CpG DNA, or cholera and Escherichia coli subunit toxins, or molecular adjuvants, such as inflammatory cytokines and chemokines (reviewed in reference 10). Other approaches use incorporation or association of peptide epitopes into liposomes and immunostaining complexes or fusion with bacterial proteins that channel epitopes across cell membranes into cytosolic pathways (reviewed in references 9, 28, and 38). Because of the complexity of many of these constructs and the potential toxicity of the adjuvants, alternative pathways of delivering peptide epitopes in clinical settings have been extensively explored in the last two decades (9, 28, (36) (37) (38) . These efforts have been tempered with the realization that other than the requirement for a safe formulation, the immunogenicity of minimal CD8
ϩ CTL epitopes often relies on a concomitant stimulation of CD4 ϩ Th-cell responses (6, 8, 41, 43) . Recently, many studies, including ours, have shown the usefulness of lipopeptide-bearing CD4 and CD8 ϩ T-cell epitopes in inducing potent immune responses in vivo (4, 9, 43) . To our knowledge, the present report shows for the first time the success of herpesvirus lipid-tailed Th-CTL chimeric epitopes in inducing a potent virus-specific CD8 ϩ T-cell response against an ocular infection. We propose that using this noninvasive and nontoxic strategy may help in evaluating the immunogenicity and protective efficacy of the growing number of human CD8 ϩ T-cell epitopes recently identified from HSV proteins and glycoproteins (23) .
It is encouraging that prophylactic immunization with Th-CTL lipopeptides employed in this study resulted not only in a decrease of primary infection of the eye but also in a reduction of the percentage of latently infected trigeminal ganglia ( Fig. 7 ; Table 1 ). However, we should recognize the need to develop potent immunotherapeutic vaccine formulations that are more effective in preventing HSV reactivations, recurrences, and reinfections. Such formulation should enhance stronger immune responses than those induced by natural infection. In this regard, the lipopeptide immunization strategy employed in this study is currently being investigated as an immunotherapeutic vaccine with rabbit (ocular herpes) and guinea pig (genital herpes) models to determine the effect on HSV recurrences, and the results will be the subjects of future reports.
Individuals with severe recurrent ocular herpes tend to have higher antiherpesvirus immune responses than individuals with no history of recurrent ocular herpes. One possibility is that one or more of these immune responses is involved in the recurrent ocular pathology. Therefore, there is the concern that an immunotherapeutic vaccine against herpes simplex virus, even if it is efficacious against primary challenge, may induce an immunopathological response that in seropositive individuals could exacerbate the pathology associated with ocular recurrences. For this reason, all herpes simplex vaccines, including lipopeptide vaccines, should be tested with a recurrent-infection eye model, such as the rabbit model, and would need extensive human safety studies.
Mature DCs are the only APCs capable of priming naive T cells (2) . We demonstrated that incubation of immature DCs in vitro with palmitoyl-tailed Th-CTL chimeric epitopes increased cell surface expression of MHC and costimulatory molecules and provoked the induction of proinflammatory cytokines, resulting in mature DCs, confirming earlier reports (9, 20, 25, 43) . We should emphasize that the palmitoyl lysines used in the construction of PAM-Th-CTL, (PAM) 2 -Th-CTL, and (PAM) 3 -Th-CTL are synthetic versions of the lipid moiety from the 2-kDa macrophage-activating lipopeptide 2, derived from Mycoplasma fermentans, that binds to Toll-like receptors. We and others have recently reported that these synthetic palmitic acid moieties bind Toll-like receptor 2 present on DCs and induce their maturation (20, 25, 43) . In addition, the present study confirmed previous reports of a strong immunogenicity of palmitoyl-tailed peptides (9, 25, 43) and extended those observations by showing that palmitoyl-tailed CTL epitopes preferentially induce an effector CD8
ϩ Tc 1 response. Additionally, palmitoyl-lipidated chimeric epitopes promote Tc 1 responses, likely related to their differential effect on Ag uptake and maturation of DCs.
Considering the wealth of data addressing methods for CD8 ϩ T-cell induction using epitope-based strategies, it is surprising how few reports exist describing effective T-cell-mediated viral clearing responses in vivo (reviewed in references 9, 23, and 28).
To our knowledge, the data presented here represent a first demonstration of CD8 ϩ T-cell-mediated immunity induced by lipidtailed Th-CTL chimeric epitopes that enhances clearance of an ocular herpes infection, decreases latent virus in the TGs, and reduces both herpetic blepharitis and corneal scarring. The lack of protection against death seen in H2 b mice suggests that there is a critical threshold of infection, which the HSV-gB 498-505 -specific CTLs can adequately control, and that higher levels of viral challenge may overwhelm the capacity of induced CTLs to control a lethal infection. This report represents one of the few describing protective responses induced by a single CD8 ϩ T-celldeterminant-based lipopeptide vaccine (21) .
Bearing in mind the particular constraints for a prospective human vaccine, the present study defines the minimal requirement in terms of the number of lipid groups and underlines the safety, immunogenicity, and protective efficacy with the mouse model of ocular infection of relatively easy-to-construct monopalmitoyl-tailed Th-CTL chimeric lipopeptides. This finding is encouraging, since it indicates that simple and molecularly defined chimeric lipopeptides are immunogenic and can lead to high-yielding and immunogenic formulation for a prospective clinical delivery. What formulation will be both safe and effective for humans remains to be determined. Nonetheless, the qualities outlined in this report may render mono-palmitoyl-tailed Th-CTL chimeric lipopeptides an efficient delivery system for the growing number of recently discovered human CD8 ϩ T-cell epitopes.
